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Abstract 
The main prediction models of surface waters state in highways reconstruction are given. Balance, one-component and two-
component water quality models used in long-term forecasting in the reconstruction of highways are considered in detail. Two 
and three dimensional equations of turbulent diffusion as well as the longitudinal dispersion equation with specifying boundary 
conditions are presented. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of Transbaltica 2015. 
Keywords: surface runoff from highways; water body; water quality model; long-term forecasting; turbulent diffusion; equation of longitudinal 
dispersion. 
1. Introduction 
Dust deposited on the road coating, wear debris of coatings, tires and brake pads, emissions from automobile 
engines, materials used for controlling ice, dust, etc. lead when flushed by rain and melt water to saturation of the 
surface runoff by different pollutants, including particulate matter, petroleum products (gasoline, diesel fuel, oil, 
heating oil, and others), which can then get into the water bodies. 
There exist mathematical models with the help of which one can with sufficient accuracy describe a wide class of 
processes that affect the changes in the concentration of various pollutants contained in or produced in a water body 
that is subject to various impacts under conditions of highways reconstruction.  
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According to the level of complexity, the models of water quality are divided into four groups: balance, one-
component, two-component, and multi-component models. These mathematical models are widely used for long-
term forecasting of surface water quality in the reconstruction of highways. 
Objective – analysis and evaluation of basic mathematical models to predict the state of surface waters in the 
reconstruction of highways. 
2. Mathematical modelling of the processes of water quality formation, taking into account the existing and 
planned external impacts on a water body 
Reconstruction of highways and forecasting of the surface water state are based on mathematical modelling of 
the processes of water quality formation, taking into account the existing and planned external impacts on a water 
body. Water quality models can be of varying complexity. The more complex the modeled processes are, the greater 
the number of parameters included in the model is. On the whole, the condition of the aquatic environment S can be 
described by the dependence of the following type 
),,,,,( 0 MBGSLPfS = ,  (1) 
where P – hydrological factors; L – alloh- and autochthonous flow of substances; S0 – the initial state of the aquatic 
environment; G – the geometry of the water body; B – biochemical and chemical reactions in a water body; M – 
climatic and meteorological conditions (Бочевер, Орадовская 1972). 
To perform operational forecasting, they usually use dynamic models that make it possible to take into account 
the variability of the water body state in time. At medium- and long-term forecasting static and analytical models are 
used. Static models are based on the analysis and static processing of experimental data obtained directly at the 
target water body. Analytical models allow performing a forecast of water-quality prediction, using theoretical ideas 
about the nature and the basic laws of simulated processes (Дикаревский et al. 1980). 
According to the level of complexity, the models of water quality are divided into four main groups: 
• balance models, which are based on the balance between the inflow, volume and changes as a result of matter 
mass processes in a water body; 
• single-component models describing the transformation of individual substances in the aqueous medium; 
• two-component models describing the coherent transformation of ВПК and dissolved oxygen in natural 
surface waters; 
• multi-component models describing the coherent transformation of substances in the water mass (Methods of 
environmental assessment of surface water quality at the appropriate categories, 1998). 
3. Use of balance models for long-term forecasting of water quality 
Balance models are used in long-term forecasting of water quality in reservoirs under reconstruction, construction 
and maintenance of highways. The basis of this class of models is the estimation of water balance and the balance of 
substances in a water body. The water input is determined by the inflow of water masses and substances from the 
catchment area, water output – by runoff from a water body. 
Balance models make it possible to calculate the values of average concentrations of substances depending on the 
magnitude of anthropogenic load of a water body. 
In these models, the mean concentration of substances in a water body that has developed under the influence of 
constant anthropogenic load is determined by the following calculation dependencies: 
• for conservative substances in stagnant waters: 
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• for non-conservative substances in stagnant waters: 
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• for flowing waters: 
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where Qcm – total flow of wastewater entering a water body; Ccm – total flow, the average concentration of the 
substance in the effluent, g/m3; W – the volume of the reservoir, m3/year; T – the duration of prediction, year; k – the 
value of coefficient of non-conservative of substances 1/year; C0 – the initial concentration of a substance in g/m; 
Qcm – consumption of water flowing out of the reservoir, m3/year; Tусл – conditional water exchange time per year 
(Романенко 1990; Kellerhals 1979; O’Neill 1987). 
4. One-component and two-component models of water quality 
One-component water quality models are used in prediction calculations of non-conservative substances 
concentration in lakes and rivers. The processes of biochemical transformation of substances are described with their 
help. The dependence of the rate of biochemical transformation of substances on the hydrodynamic characteristics 
of the flow and external environment is taken into account by the factor of non-conservativeness. The value of non-
conservativeness factor is determined according to the dependence given below: 
dст kkk ⋅= ,  (5) 
where Kст is static coefficient of non-conservativeness per day, characterizing the rate of biochemical 
transformation of matter under static conditions (without flow). 
The magnitude of this ratio is determined for each substance experimentally. The values of static coefficients of 
non-conservativeness of substances for normal conditions (water temperature 20 °C and atmospheric pressure of 1 
atm.) are given in the references. 
kd – dynamic coefficient of non-conservativeness per day, taking into account the intensification of biochemical 
transformation processes in the water flow. The magnitude of this ratio is always greater than or equal to 1 and 
increases with the velocity of flow in the range from 0 to 0.2 m/s. 
In the absence of information on the magnitude of the dynamic component the value of the coefficient of non-
conservativeness of substances is assumed to be equal to the value of its static component, i.e., kd = 1. 
Increase of the rate of biochemical transformation of substances with the rise of water temperature is taken into 
account in prediction calculations by the formulas: 
( )[ ] 20038.0112.120 −−+= TTkk ,   (6) 
when 0 ≤ Т < 5 °С, 
20047.1 −⋅= Tkk , when Т ≥ 5 °С,  (7) 
where k20 is the coefficient of non-conservativeness of substances at 20 °C per day; T – water temperature, °C. 
When performing prediction of water quality in water bodies, calculation of processes of transport and 
transformation of substances are carried out based on the equation of turbulent diffusion. At medium or long-term 
prediction they use the entry of this equation for steady flow conditions. For watercourses there is commonly used 
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one-dimensional equation of longitudinal dispersion, which is obtained from the three-dimensional turbulent 
diffusion equation by averaging it according to the cross section of flow. 
For water bodies there can be used one-, two- and three-dimensional turbulent diffusion equations, depending on 
their hydrodynamic characteristics. Two- and three-dimensional equations of turbulent diffusion, as a rule, do not 
have analytical solutions and are solved numerically, using software systems. Longitudinal dispersion equation with 
the boundary condition C(0) = C0 
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It has an analytic solution of the following form: 
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where Co is concentration of the substance in the initial point, g/m3; k – factor of matter non-conservativeness s/1; v – 
flow rate, m/s; D – longitudinal dispersion coefficient, m2/s; f – the intensity of allochthonous matter entry g/m3s 
(Дикаревский 1980). 
One of the main external diffuse (evenly distributed throughout the flow) sources of matter inflow into a 
waterbody is unorganized runoff from highways. In this case, the intensity of allochthonous matter entry into the 
water body is determined by the formula: 
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where Qпов and Cпов – flow and concentration of substance in the surface runoff, respectively, m3/s and g/m3, L – 
length of catchment area (road section) along the water body, m; w – flow area, m2. In the absence of diffuse matter 
inflow the value f is taken to be equal to zero. 
For conservative substance water quality prediction in the presence of its external diffuse entering a water body is 
done by the formula: 
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If there is a simultaneous controlled wastewater discharge and uncontrolled runoff input from highways into a 
water body, then the solution is determined in accordance with the principle of superposition for non-conservative 
substances according to the formula (8). 
Longitudinal dispersion coefficient is defined by the formula of Karausheva: 
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where g – acceleration of Earth’s gravity, m/s2; h – depth of flow, m; nш – streambed roughness; Sh – Chezy 
coefficient, m/s. 
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If the water body receives wastewater from one or several wastewater outlets, the forecast of water quality is 
based on the mass balance of substances in view of their possible transformation in the aquatic environment. 
Calculation of matter concentration in the extremely polluted stream is performed in this case by the formula: 
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where Сф – matter concentration in the background section, g/m3; Cст.i – matter concentration in the effluents of the 
1st output, g/m3; ni – reciprocal dilution of the sewage of the 1st output in the control section; xф and xi – the 
distance from the background section and wastewater outputs to the monitoring section, m; N – the number of 
wastewater outputs. 
For conservative substances calculation is conducted according to the same formula with the value of non-
conservativeness coefficient k = 0. 
If the water body simultaneously receives the wastewater of organized discharge and unorganized runoff from the 
area, then the solution is determined in accordance with the principle of superposition for non-conservative 
substances according to the formula. 
For conservative substances the formula is simplified to the form of: 
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where k – coefficient of non-conservativeness, v – flow velocity, x – distance. 
Numerous experiments showed that the stream turbulence has a decisive influence on the mixing and dilution 
processes of the wastewater, but it doesn’t affect the matter transformation processes in the aqueous stream. 
Therefore, at calculation of water quality the flow turbulence is often neglected. 
The operational prediction of water quality requires taking into account the variability of the process of water 
quality formation over time. In this case, they use the equation of longitudinal dispersion written for transient 
conditions. 
The general form of this equation has no analytical solution and can be solved by numerical methods. However, 
in some special cases, such a solution exists. Prediction of effects of accidental unit wastewater discharge into water 
bodies is of practical importance. In this case, the process of transformation and transfer of substances by the 
aqueous stream is described by the dependence: 
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where M – the mass of the incoming with wastewater matter, g; v – area of water section, m2. 
Two-component water quality models are widely used in prediction calculations of organic matter content 
estimated by BOD value and dissolved oxygen in a water reservoir by the ratio of its input, mainly, in the process of 
atmospheric reaeration and its consumption mainly for processes of biochemical oxidation of organic substances 
(Методика … 1998). 
Atmospheric reaeration is a process of oxygen input from the atmosphere into the water through the free flow 
area. The oxygen flow into a water body is limited by its solubility in water. Quantitative characteristic of oxygen 
solubility is the value of saturation concentration, i.e. the concentration of dissolved oxygen in the water, whereby 
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the oxygen is in equilibrium. The value of saturation concentration depends on the water temperature and is 
determined according to the tables or is calculated by the empirical formula: 
32 00009.000842.04042.062.14 TTTCs −+−= ,  (18) 
where T – water temperature, oC. 
Oxygen transfer rate through the free flow area is characterized by the coefficient of reaeration. The value of this 
coefficient depends on temperature and salinity, turbulence, gas exchange characteristics between the water and the 
atmosphere. There was experimentally established that the process of reaeration is determined by the phenomenon of 
molecular diffusion at the interface “water-air”. There is a number of empirical formulas for determining the value of 
the coefficient of reaeration. The most widespread is the formula of O’Connor-Dobbins obtained for the turbulent flow 
of water at temperature of 20oC: 
32 68.3 h
k ν⋅= ,  (19) 
where k2 – reaeration coefficient, 1/day.; v – velocity of flow, m/ s; h – flow depth, m. 
Typically reaeration coefficient ranges from 0.1 to 2.0 1/day. The dependence of the reaeration coefficient value on 
the temperature is calculated by the formula: 
20
22 024.1)20()( −−= TkTk .  (20) 
The coefficient value of non-conservativeness for BOD can range from 0.05 to 0.7 1/day. For natural waters it is 
usually taken as equal to 0.23 1/day. 
Prediction of the BOD value and dissolved oxygen content in surface waters, as a rule, is based on a 
mathematical model of Streeter-Phelps. This model is valid under the following restrictions: 
• the rate and hydraulic properties of the flow are constant; 
• complete mixing regime is observed in a water body. 
Analysis of the solution shows that in the absence of allochthonous input of organic substances into a water body, 
oxygen deficiency tends to zero (Бочевер, Орадовская 1972; Howell 1990). 
5. Conclusions 
1. Thus, in view of the above it can be noted that the causes of anthropogenic pollution of water bodies are the 
following: 
• High level of anthropogenic load on water bodies in the reconstruction of highways, often exceeding their 
carrying capacity; 
• regulation of the river runoff, which leads to changes in the hydrological regime of water bodies and 
disturbance of natural conditions of aquatic ecosystems functioning. 
2. The inflow of a large number of biogenic elements with runoff from highways into water bodies is of particular 
concern. The content of biogenic elements in the water mass leads to overproduction of organic matter, 
disturbance of oxygen regime in the basic ecosystem mechanisms. 
3. As a result of the process of self-purification the oxygen content in the water reaches the level of saturation. 
If there is an inflow of organic substances into a water body, such as runoff from the adjacent territory, the 
lack of oxygen is different from zero and tends to the value f/k2. The concentration of dissolved oxygen at 
this is set on the level of S = Cs – f/k2. With a large input of organic matter (if f > Csk2) dissolved oxygen is 
completely consumed in the biochemical oxidation of organic matter and its content in a water body is close 
to zero. 
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